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A B S T R A C T
In this paper, concepts are investigated for tuning material properties and component
conﬁgurations in order to design structures with unique dynamic characteristics for
mitigating blast loads while maintaining or reducing weight. The dynamic response index
(DRI) is employed as an occupant injury metric for determining the effectiveness of each
blast mitigation conﬁguration that is considered. A ﬁnite element model of a notional V-
hull structure is used as a numerical example in this study. The material properties and the
conﬁguration of the inner bulkheads that connect the V-shaped outer surface with the
inner ﬂoor are used as design parameters for reducing the DRI at a typical occupant
location. In this particular example, it is demonstrated that both the weight of the structure
and the DRI can be reduced simultaneously. This is achieved by creating a new structural
design that features energy absorbing and decoupling mechanisms among the bulkheads,
ﬂoor, seat, and the occupant.
ã 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
One of the main thrusts in current US Army science and technology activities is the development of occupant-centric
vehicle structures that make the operation of the vehicle both comfortable and safe for the soldiers. However, increased
occupant protection often comes at a cost of increased weight. Ideally, a new vehicle design would feature a lighter-weight
structure, because this enables faster transport, higher mobility, greater fuel conservation, higher payload capacity, and a
reduced ground footprint of supporting forces. Therefore, a key design challenge for the Army is to develop occupant-centric
ground vehicle structures that can provide high levels of protection against explosive threats while maintaining or reducing
the weight of the vehicle structure. Full system, end-to-end modeling and simulation methodologies [1–4] have been used
extensively for the development of blastworthy ground vehicles in the Army acquisition process. More recently, reduced-
order modeling approaches [5–8] have also been developed for this purpose.
Abbreviations: DOF, degree of freedom; DRI, dynamic response index; DTIC, Defense Technical Information Center; FEA/FEM, ﬁnite element analysis/
model; MDOF, multiple degree of freedom; SDOF, single degree of freedom; TARDEC, Tank Automotive Research, Development and Engineering Center.
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components used in the construction of a ground vehicle structure can be effectively used as design variables to signiﬁcantly
improve the dynamic characteristics. More speciﬁcally, the goal of this work is to explore the possibility of tuning the
material and component properties to improve the blastworthiness (as characterized by the DRI metric from the literature
[9]) while simultaneously lowering the weight of the V-hull structure. The investigation performed in this paper considers
the total weight of the vehicle to remain constant when the weight of the structure is reduced. This provides an opportunity
to increase the payload or the weights associated with other vehicle performance attributes (i.e., propulsion, mobility,
radiated noise, etc.). Reducing the overall weight of the vehicle is not part of this study since it will increase the overall rigid
body acceleration of the vehicle and therefore the forces experienced by the occupant.
A generic V-hull structure developed by the US Army TARDEC, referred to as the TARDEC Generic V-hull, [10] is used in
this study as the baseline numerical model for investigating these concepts. The dynamic response index (DRI), which is a
standard occupant injury metric for underbody blast simulations and testing, is used as a measure of the structural
performance with respect to survivability. In the absence of an anthropomorphic test device in numerical models to measure
lumbar loads, which is highly non-linear and highly dynamic in reality, the DRI provides an alternative linear indicator of
lumbar injury assessment [11].
In the literature, various concepts for employing the properties of certain materials as a mechanism to absorb energy have
been presented. For example, utilizing shear thickening ﬂuid due to its large capacity for energy absorption has been
investigated [12–14]. Shear thickening ﬂuid is a speciﬁc type of non-Newtonian ﬂuid with its viscosity dependent on the
strain rate. It acts like a solid when experiencing a large shear load, such as an impulse of high pressure but of short duration
from a blast, and returns to liquid form when the load is removed. Employing the plastic deformation induced in materials
for absorbing energy has also been considered for designing blast-resistant structures [15]. The failure mechanisms in
unidirectional ﬁber-reinforced composites of delamination, ﬁber-matrix debonding, matrix cracking, and ﬁber breakage
have been considered for creating blast mitigation conﬁgurations [16]. For similar purposes, functionally graded metallic
materials constructed in a layered sandwich conﬁguration with several absorption layers have been considered as well [17].
In this paper, the concept of using properties of “softer” structural materials is investigated. This allows for higher
deformation levels in the structure, which in combination with a damping mechanism can result in a reduced base
excitation, leading to lower DRI values that indicate a decreased risk of occupant injuries. Speciﬁcally, the properties of the
inner bulkheads that connect the outer V-hull bottom to the inner ﬂoor (Fig. 1(c) and (d)) are tuned in this manner, thereby
offering an isolation mechanism that reduces the DRI metric. The main contributions of this paper are: (1) the
implementation of this structural design strategy and (2) the demonstration of its effectiveness in terms of simultaneously
reducing structure weight and increasing blastworthiness for a numerical example of a notional, generic V-hull structure.
In the following sections of this paper, information is ﬁrst presented about the numerical models employed in this study,
namely the V-hull ﬁnite element model and the DRI lumped parameter models. The commercial software LS-DYNA is used in
the blast simulations, and the LS-DYNA viscoelastic material deﬁnition is used for setting the various properties of the
internal bulkheads in a parametric study. Therefore, a brief discussion on the viscoelastic material deﬁnition in LS-DYNA is
Fig.1. Finite element models for two notional vehicle hulls (a) TARDEC generic V-hull structure, (b) simpliﬁed V-hull structure that is used for the numerical
results in this study, (c) one-DOF model for determination of DRI, and (d) three-DOF model for determination of DRI.
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model with a single degree of freedom (SDOF) representing the upper torso of the occupant is mounted directly in the middle
of the inner ﬂoor. In the second setup, a three-DOF model representing the upper torso of the occupant, an energy-absorbing
seat, and an energy-absorbing ﬂoor (see Appendix A) is mounted to the hull. Finally, the process followed in the parametric
study is discussed along with the ﬁnal design conﬁgurations that reduce both the structural weight and the DRI metric
simultaneously.
2. Numerical models and dynamic response index (DRI)
The TARDEC Generic V-hull structure is presented in Fig. 1(a). This is a representative but notional ground vehicle
structure that can be used in survivability research studies. In fact, this model was developed to be sufﬁciently generic that it
could be used to evaluate the effectiveness of underbody blast analysis methods and blast mitigation technologies in a
collaborative manner. Historically, the Army has had difﬁculty collaborating with industry and academia on research related
to underbody blast events due to the sensitive nature of the work. Data generated from testing military vehicles typically
cannot be shared with external research partners. To alleviate this issue, TARDEC has developed this generic vehicle hull
model with the intent to share it with academia and industry in the hope of spurring innovation in blast analysis methods
and blast mitigation technologies.
For this work, the main dimensions and the geometry of the TARDEC Generic V-hull were used as a basis for creating a
simpliﬁed V-hull model that is shown in Fig. 1(b). This simpliﬁed V-hull was used for all of the numerical results shown in
this paper. The baseline model for the simpliﬁed V-hull has the same thicknesses and material properties for the main
structural components as the TARDEC Generic V-hull structure. It also contains inner bulkheads connecting the outer V-
shaped surface with the inner ﬂoor, as shown in Fig. 1(c) and (d). The material properties of the bulkheads are used as design
parameters in the parametric study. Fig. 1(c) shows the SDOF lumped parameter model connected directly to the vehicle
structure to evaluate the DRI. The upper part of the structure and the inner ﬂoor are removed from the ﬁgure in order for the
internal bulkheads to be visible. These and all other parts that are omitted from the ﬁgure for visualization purposes are
included in the simulations.
The CONWEP load (*LOAD_BLAST) in LS-DYNA is used to simulated the underbody air blast loading caused by TNT
explosive, with the origin located 0.2 m beneath the midpoint of the keel of the V-hull. The air blast loading is described by
the Friedlander waveform and its time history is shown in Fig. 2, where Ps is the peak blast pressure, t* is the positive phase
duration and td is the negative phase duration. They all depend on the total mass of explosive.
To evaluate the safety of vehicle designs, various metrics have been considered based on the prediction of dynamic
response of occupants. For underbody blast events, the lumbar and spinal injury would be the most serious threats to the
occupant. The DRI, which is a dimensionless number proportional to maximum vertical spinal compression, will be applied
as standard occupant injury metric for underbody simulations and testing. The DRI is used in our research as a measure of the
structural performance with respect to survivability. The lumbar would be simpliﬁed as a SDOF spring-mass-damper system,
shown in Fig. 3.
The parameter values used here, which are taken from the literature [18], are summarized as follows. The upper body
mass is approximated as 34.51 kg. A spring coefﬁcient of 9.66  104N/m and a damping coefﬁcient of 818.1 N s/m are used to
simulate the dynamic properties of the human lumbar spine. Therefore, the natural frequency vn and damping ratio z of
human lumbar would be calculated as 52.9 rad/s and 0.224, respectively.
The response is modeled as a linear second-order ordinary differential equation with spinal compression as the variable.
The acceleration shown in Fig. 3 is the shock load delivered to the seat location through the vehicle structure by the event.
Fig. 2. The CONWEP air blast loading.
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d2d
dt2
þ 2  z  vndddt þ vn
2  d ¼ d
2d
dt2
ð1Þ
where
d2x=dt2: time-dependent shock acceleration.
vn: natural frequency of human lumbar =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k=m
p
= 52.9 rad/s.
z: damping ratio of human lumbar = c=ð2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m  k
p
Þ = 0.224.
d: lumbar compression (relative displacement between pelvis and upper body) = D2 D1.
The DRI depends on the lumbar force due to the maximum lumbar compression, dmax, which is the maximum relative
displacement between pelvis and upper body. This elastic portion of the force developed in the SDOF, kdmax, is normalized by
the static lumbar force due to the weight of the upper torso, mg, to yield the following deﬁnition of the DRI [9]:
DRI ¼ k  dmax
m  g ¼
vn2
g
 dmax ð2Þ
The limiting DRI value is 17.7 with a 10% chance of serious injury which corresponds to a maximum lumbar compression
of about 62 mm, which is based on the data of voluntary aviators subjected to the ejection seat mechanism [19–21]. The rate
of compression might also be an important factor for injury, because it could lead to a signiﬁcant force contribution in the
representative SDOF model through the viscous term. However, the traditional deﬁnition of the DRI is considered in this
paper, which does not include a viscous term. In this study, it is assumed that reducing the DRI by absorbing or guiding the
destructive energy in the hull structure would help keep the occupants safe in a blast event.
In the LS-DYNA model, a single spring-mass-damper system simulating the occupant is attached to the ﬁnite element
model of the simpliﬁed V-hull. As mentioned earlier, a second three-DOF lumped parameter conﬁguration is also considered,
with the two intermediate DOF representing the seat and the ﬂoor. This second conﬁguration is shown in Fig. 1(d). In this
case, the DRI is determined by the relative compression in the spring connecting the top and middle masses. The nonlinear
spring constants and linear damping coefﬁcients for the lowest (ﬂoor) DOF and for the middle (seat) DOF are described in
Appendix A. By including these SDOF and three-DOF models directly in the LS-DYNA models, the calculations of the DRI were
automatically performed when running the LS-DYNA simulations.
3. Lightweight vehicle structure design
The density, the modulus of elasticity, and the dissipationpropertiesof the material comprising the bulkheadsare used in the
parametric study for reducing simultaneously the weight of the structure and the DRI. The viscoelastic material deﬁnition of LS-
DYNA (MAT_061) is used for modeling this material, which models both viscous and elastic characteristics with a stress-strain
relation that depends on the load history [22]. It behaves as a spring-damper system and two classical models (Maxwell's and
Kelvin's) are employed in the material deﬁnition. The parameters that are considered include: mass density, bulk modulus,
Fig. 3. SDOF spring-mass-damper system simulating human lumbar.
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the long-time shear modulus are determined by the instantaneous modulus of elasticity and the asymptotic modulus of
elasticity. A linear relationship between the instantaneous modulus of elasticity E0 and the asymptotic modulus of elasticity E1
is used, with E0 = 1000  E1. Therefore, the Poisson’s ratio of the material, the mass density, the decay constant, and the
asymptotic modulus of elasticity are sufﬁcient for deﬁning the viscoelastic material properties.
In this study, the bulkheads are designed to be softer and more compressible than regular steel bulkheads so that the
damping property of viscoelastic material can become an active contributor in the energy absorption, similar to the energy
dissipation mechanism in a dashpot. By tuning the viscoelastic material properties in a large numbers of parametric studies,
an energy isolation mechanism is created to reduce the occupant DRI while also reducing the total structural weight.
Providing an energy dissipation capability in the bulkheads and altering their dynamic characteristics results in an
improvement of the DRI metric. The location where the DRI is evaluated will inﬂuence the outcome of the study. In this
parametric study the location right above the explosive is selected as representative of a location where a severe loading is
expected. It's also necessary to mention that the purpose of parametric study is not selecting real engineering materials but
rather to investigate how materials properties would affect the dynamic response of the structure.
3.1. Parametric study using SDOF model
The conﬁguration with the SDOF DRI model connected to the ﬂoor (Fig. 1(c)) for evaluating the DRI was analyzed ﬁrst. In
an initial parametric study, the density and the stiffness properties were changed for the entire volume of each bulkhead.
Two main conclusions were drawn from this initial effort.
First, it was decided to preserve the original steel properties for the upper part of each bulkhead (colored yellow in Fig. 4)
and alter the stiffness, the density, and the dissipation characteristics in the remaining portion of each bulkhead (colored
green in Fig. 4). The reason for this approach is to avoid excessive local ﬂexibility at the location where the SDOF model is
attached to the ﬂoor when the bulkhead has reduced stiffness properties. The local ﬂexibility at the attachment point makes
it difﬁcult to control the spring compression that determines the DRI.
The second observation was that the overall mass of the vehicle has an impact on the overall rigid body response of the
vehicle and reducing the overall mass of the vehicle may increase the occupant injury probability and the DRI value.
Therefore, four equal lumped masses were added at the four corners of the vehicle to keep the total weight constant at the
typical representative weight of such a vehicle. For each conﬁguration, the values of the lumped masses were selected in a
manner that the overall mass of the vehicle remained constant. The locations where the lumped masses were attached are
shown in Fig. 4. This approach also reﬂects the ability to increase the payload of a vehicle even when the structure itself
becomes lighter.
First, an original conﬁguration made of regular steel (density of 7800 kg/m3, Young’s modulus of 200  109N/m2) was
tested so that the mass of the underbody explosive yields a DRI value that is slightly above the level that corresponds to a
serious injury risk. Then, a viscoelastic material was used instead of regular steel in the bulkhead design. After tuning the
asymptotic modulus of elasticity from 200  109N/m2 to 200  103N/m2 and decay constant from 0.0001 to 1000, based on
168 testing runs in LS-DYNA, the ﬁnal conﬁguration identiﬁed from the parametric study had the following values: density
equal to 6000 kg/m3, asymptotic modulus of elasticity equal to 800  106N/m2, and a decay constant equal to 0.0015. The
Poisson’s ratio did not vary and was set equal to 0.3.
The time histories of vertical displacement for pelvis (red line) and upper torso (green line) are shown in Fig. 5(a), for both
the regular steel bulkheads conﬁguration and the viscoelastic bulkheads conﬁguration. The most important observation is
that in the viscoelastic bulkhead conﬁguration, the pelvis displacement has a “jump-up” around 0.004 s and gradually stops
increasing, and then it behaves similarly with the regular steel conﬁguration. It is because the lower density makes the
viscoelastic bulkheads lighter so they are easier to be lifted up compared to the regular steel bulkheads. Meanwhile, this
Fig. 4. Partition of the bulkheads into two sections (yellow and green) and locations where lumped masses are attached for preserving the overall vehicle
mass. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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damping property. Therefore, the appearing and vanishing of the ﬁrst “peak” in Fig. 5(b) could be explained. After that, the
rigid body motion of the vehicle becomes the dominant factor for the pelvis displacement.
Fig. 5(b) summarizes the time histories of deformation of the upper torso relative to the pelvis, for the original
conﬁguration (bulkheads made of regular steel) and the ﬁnal conﬁguration. The values for the maximum spring compression
and the associated DRI are also included in the ﬁgure. An improvement of 8.65% is observed in the DRI while achieving a
12.5% reduction in the mass of the structure by designing lower density bulkheads without changing the structure geometry
(also, as mentioned earlier, the overall mass of the vehicle is kept at a constant value for all conﬁgurations).
The parametric study for various decay constants under asymptotic modulus of elasticity of 800  106N/m2 is shown in
Fig. 6. It shows that neither a low decay constant (below 0.001) nor an excessive decay constant (above 10) will yield
signiﬁcant improvement in the DRI. This is because low damping has negligible ability for absorbing energy, and excessive
damping causes a large phase lag that also has negative effects on decreasing the relative displacement. Based on this
analysis, a value of 0.0015 was selected for the decay constant, and this was used in the ﬁnal conﬁguration for which results
are presented in Fig. 5(b).
3.2. Parametric study using three-DOF model
In a similar manner, a parametric study was conducted involving multiple conﬁgurations with the three-DOF lumped
parameter model used for evaluating the DRI (Fig.1(d)). This parametric study retains the value of 6000 kg/m3 for the density
of the lower section of each bulkhead, based on the conﬁguration identiﬁed by the earlier work. The same blast load
condition and same analysis process is applied to the three-DOF model. The asymptotic stiffness and the decay constant were
varied as design parameters. Based on 72 testing runs in LS-DYNA, these two parameters were assigned values of
700  106N/m2 and 10, respectively in the ﬁnal conﬁguration.
Fig. 7 summarizes the time histories of deformation of the upper torso relative to the pelvis, for the original conﬁguration
and the ﬁnal conﬁguration. The values for the maximum spring compression and the associated DRI are also included in the
ﬁgure. Actually, the DRI has already been improved signiﬁcantly (a reduction of 41.2% corresponding to 10% chance of serious
injury) by adding the energy-absorbing ﬂoor and seat. The energy-absorbing ﬂoor and seat perform as an energy isolator by
Fig. 5. (a) Time histories of vertical displacement for pelvis and upper torso. (b) Time histories of lumbar deformation in the one-DOF DRI model. (For
interpretation of the references to color in the text, the reader is referred to the web version of this article.)
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an explosion. The DRI improvement by the changes in the vehicle structure is 4.91% this time, however the reduction in the
mass of the structure remains at 12.5%. The important aspect of this analysis is that the structural mass can be reduced while
at the same time achieving a modest improvement in the DRI.
4. Conclusions
The results in this paper indicate that material properties can be tuned for changing the structural dynamic behavior of a
vehicle in order to reduce the DRI while simultaneously maintaining or reducing the total weight. The intent was not to
identify a speciﬁc material or design, but rather to demonstrate a process for identifying suitable stiffness, inertia, and
damping characteristics of the various components. In addition to the material properties, the results depend on how and
where the seat is connected to the vehicle as well as the relative stiffnesses and energy absorption characteristics of the
ﬂoors and the seats. The selection process was driven by controlling and minimizing the DRI created from a blast load. It was
Fig. 6. Parametric study for decay constant when asymptotic stiffness = 800  106N/m2.
Fig. 7. Time histories of lumbar deformation in the three-DOF lumped parameter DRI model.
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improvement in blast protection as measured by the DRI.
While the results shown in this paper are very promising, it should be noted that they are for a speciﬁc numerical example
of a notional vehicle structure. Furthermore, the deﬁnition of the DRI from the literature, [9,18–21] which is used as an injury
metric in this paper, considers only the maximum lumbar compression and ignores the rate of compression. It is possible
that different results would be obtained with different injury metrics. In addition, the effects of design changes on other
vehicle performance metrics beyond mass and DRI were not considered, even though these effects might be signiﬁcant. For
example, by reducing the density of bulkheads, the center of gravity of the vehicle is elevated, which increases the risk of
rollover. Therefore, the dimensions of the lightweight vehicle under the proposed design philosophy might need to be
modiﬁed in order to meet requirements for rollover resistance. Also, the reduction of stiffness of the bulkheads will change
the overall stiffness and strength of the vehicle. Therefore, lighter and stiffer body structure elements might need to be
considered in the design process as a way to compensate for this effect. Overall, the design process demonstrated in this
paper would need to be included as part of a larger, multidisciplinary design optimization process in order to properly
account for and evaluate these types of tradeoffs.
Disclaimer
Reference herein to any speciﬁc commercial company, product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or the Department of the Army. The opinions of the authors expressed herein do not necessarily
state or reﬂect those of the United States Government or the Department of the Army, and shall not be used for advertising or
product endorsement purposes.
Fig. A1. Three-DOF spring-mass-damper system simulating human lumbar, energy-absorbing seat, and energy-absorbing ﬂoor.
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Three-DOF dynamic response index (DRI) model
In the three-DOF DRI model, an energy-absorbing (EA) seat and an EA ﬂoor are mounted on the hull under the occupant's
lumbar (SDOF model). Thus, two spring-mass-damper systems need to be included in the model as additional energy
absorbers, as shown in Fig. A1.
The mass of the ﬂoor m1 is 34 kg and the mass of the seat m2 is 95 kg. The damping coefﬁcient c1 and c2 are set to a
constant value of 9220 N s/m for both the seat and the ﬂoor. However, the symmetric spring is now piecewise-linear, with the
spring stiffness values shown in Fig. A2(a) for the ﬂoor and Fig. A2(b) for the seat. Three regimes are deﬁned for the spring
stiffness: an initial stiffness regime, a low stiffness regime after yield, and a high stiffness regime after bottoming out.
References
[1] R. Thyagarajan, End-to-end system level M&S tool for underbody blast events, 27th Army Science Conference, Army Technology Showcase, Orlando, FL,
November 29–December 2, 2010 DTIC Report # ADA550921, TARDEC Registration # 21365.
[2] J. Sun, N. Vlahopoulos, T. Stabryla, R. Goetz, Blast Event Simulation for a Structure Subjected to a Landmine Explosion, SAE Technical Paper 2006-01-
0931, 2006.
[3] N. Vlahopoulos, G. Zhang, Validation of a simulation process for assessing the response of a vehicle and its occupants to an explosive threat, 27th Army
Science Conference, Orlando, FL, 2010.
[4] C. Cummins, Modeling brown clayey sand in LS-DYNA with an analytical method for soil state initialization, DTIC Report # AD B398007, FOUO/
Distribution C. ARL Report # ARL-TR-6830. Requests for this document shall be referred to Director, U.S. Army Research Laboratory, ATTN: RDRL-WMP-
F, Aberdeen Proving Ground, MD 21005-5066, February 2014.
[5] K. Kulkarni, J. Ramalingam, R. Thyagarajan, Assessment of the accuracy of certain reduced order models used in the prediction of occupant injury
during under-body blast events, SAE Int. J. Trans. Saf. 2 (2) (2014) , doi:http://dx.doi.org/10.4271/2014-01-0752 DTIC Report # ADA 599846.
[6] K.B. Kulkarni, J. Ramalingam, R. Thyagarajan, Evaluating the effectiveness of various blast loading descriptors as occupant injury predictors for
underbody blast events, NDIA Ground Vehicle Systems Engineering and Technology Symposium (GVSETS), Troy, Michigan, 21–22 August 2013, 2013
DTIC Report # ADA 590537.
[7] L. Li, N. Stowe, N. Vlahopoulos, S. Mohammad, C. Barker, R. Thyagarajan, Utilization of fast running models in buried blast simulations of ground
vehicles for signiﬁcant computational efﬁciency, NDIA Ground Vehicle Systems Engineering and Technology Symposium (GVSETS), Troy, Michigan,
21–22 August 2013, 2013 DTIC Report # ADA 590114.
[8] J. Ramalingam, S. Chandra, R. Thyagarajan, Reduced Order Modeling for Rapid Simulations of Blast and Rollover Events of a Ground Vehicle and its
Occupants Using Rigid Body Dynamic Models, DTIC Report # ADA 585048, 2013.
[9] Final Report of HFM-090 Task Group 25, Test Methodology for Protection of Vehicle Occupants against Anti-Vehicular Landmine Effects, NATO RTO
Technical Report TR-HFM-090, April 2007.
[10] D. Daniel Dooge, R. Ramesh Dwarampudi, G. Schaffner, A. Miller, R. Thyagarajan, M. Vunnam, V. Babu, Evolution of occupant survivability simulation
framework using FEM-SPH coupling, 2011 NDIA Ground Vehicle Systems Engineering and Technology Symposium (GVSETS), Dearborn, MI, 9–
11 August 2011, 2011 DTIC Report # ADA 547566.
[11] R. Thyagarajan, J. Ramalingam, K.B. Kulkarni, Comparing the use of dynamic response index (DRI) and lumbar load as relevant spinal injury metrics,
ARL Workshop on Numerical Analysis of Human and Surrogate Response to Accelerative Loading, Aberdeen, MD, 7–9 January 2014, 2014 DTIC Report #
AD A591409.
[12] X.Z. Zhang, W.H. Li, X.L. Gong, The rheology of shear thickening ﬂuid (STF) and the dynamic performance of an STF-ﬁlled damper, Smart Mater. Struct.
17 (3) (2008) 035027.
[13] K.H. Ahn, K. Osaki, Mechanism of shear thickening investigated by a network model, J. Non-Newton. Fluid Mech. 56 (3) (1995) 267–288.
[14] Y.S. Lee, E.D. Wetzel, N.J. Wagner, The ballistic impact characteristics of Kevlar woven fabrics impregnated with a colloidal shear thickening ﬂuid, J.
Mater. Sci. 38 (13) (2003) 2825–2833.
[15] M.S. Hoo Fatt, H. Surabhi, Blast resistance and energy absorption of foam-core cylindrical sandwich shells under external blast, Compos. Struct. 94 (11)
(2012) 3174–3185.
[16] R.C. Batra, N.M. Hassan, Blast resistance of unidirectional ﬁber reinforced composites, Compos. Part B Eng. 39 (3) (2008) 513–536.
[17] X. Liu, X. Tian, T.J. Lu, D. Zhou, B. Liang, Blast resistance of sandwich-walled hollow cylinders with graded metallic foam cores, Compos. Struct. 94 (8)
(2012) 2485–2493.
[18] D. Manion, Computation and Validation of the Dynamic Response Index (DRI), DTIC Report # ADA 591869, 6 August 2013.
[19] E.L. Stech, P.R. Payne, Dynamic Models of the Human Body, Aerospace Medical Research Laboratory (AMRL Technical Report 66-157), November 1969.
[20] J.W. Brinkley, J.T. Shaffer, Dynamic Simulation Techniques for the Design of Escape Systems: Current Applications and Future Air Force Requirements,
Aerospace Medical Research Laboratory (AMRL Technical Report 71-292), December 1971.
[21] Richard E. Zimmermann, Norman A. Merritt, Aircraft Crash Survival Design Guide, U.S. Army Aviation Research and Technology Activity (USAAVSCOM
TR 89-D-22A), December 1989.
[22] LS-DYNA Theory Manual (R5514), Livermore Software Technology Corporation, CA, 25 June 2014.
